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1. Summary 
 
The goal of the project was to investigate the feasibility of a femto-Tesla level scalar atomic 
magnetometer operating in Earth’s field with a small SWaP (Size, Weight and Power). Our 
approach is unique in using multi-pass alkali-metal cells, quantum-non-demolition 
measurements, and suppression of spin-exchange relaxation to achieve the highest sensitivity 
per unit volume. During the project we developed a new multi-pass cell geometry with a small 
internal volume. The geometry was optimized to obtain maximum spin correlation between 
successive measurements and enable spin squeezing using quantum-non-demolition 
measurements. We verified that the predictions of our model agree with the measurements of 
quantum spin noise. 

 
We also investigated the availability of pulsed pump and probe lasers to operate a high- 
sensitivity atomic magnetometer. We found that commercial VCSEL (Vertical-cavity surface- 
emitting laser) are adequate for probe lasers and we developed a pulsed pump laser with 
external VBG (Volume Bragg Grating) feedback that generates sufficient optical pumping to 
polarize atoms in less than 1 µsec. 

 
We briefly operated a two-cell gradiometer in unshielded Earth’s field magnetic environment to 
understand the sources of ambient magnetic field noise and identify challenges for future 
improvements. 

 
2.   Introduction 

 
We are investigating the feasibility of a femto-Tesla scalar atomic magnetometer operating in 
Earth’s field with a small SWaP. Our work is based on previous demonstration of sub-femtotesla 
sensitivity in a scalar magnetometer using multi-pass cells [1]. That experiment used relatively 
large vapor cell approximately 5x4x2 cm in size with two multi-pass cavities inside the cell. It also 
used MOPA (Master Oscillator-Power Amplifier) lasers for optical pumping and fiber-coupled 
DBR (Distributed Bragg Reflector) lasers for probing. 

 
One of the goals of this project is to find an efficient multi-pass cell geometry to reduce the sensor 
volume and to improve quantum-non-demolition measurements in order to realize the highest 
sensitivity per unit cell volume. 

 
Another goal is to identify low-power lasers that can be used for optical pumping and probing and 
incorporated directly into the sensor package. 
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c) 

3.   Development of new multi-pass cells 

In order to achieve a compact geometry with a large beam 
size, we explored a new multi-pass cell geometry with a 
more uniform probe beam sampling and a larger average 
beam size. The folded arrangement is shown in Fig. 1. 
The laser beam is expanded within the cell, which is 
constructed from two spherical mirrors with a large radius 
of curvature equal to 2 meters. For a distance of about 10 
mm between the mirrors the laser beam makes 32 passes 
before being focused back on the small entrance hole. For 
about 5 mm distance, the number of passes is 46. As in 
other multi-pass cell designs, the number of passes is 
deterministic, nearly all photons exit the cell after the 
same number of passes. 

 
 

  
Fig. 1: Basic optical design for a multi-pass 
cell consisting of two spherical mirrors with 
a radius of curvature equal to 2 m. One of the 
mirrors has a small hole (~100-200 µm) 
through which a focused beam is injected 
into the cell. The beam gradually expands 
and then is focused back onto the entrance 
hole after 30-50 passes, depending on the 
distance between the mirrors. 

The distance between the mirrors needs to be accurate with a precision of 5-10 µm to ensure 
proper focusing of the output beam on the entrance hole. The overall cell alignment is 
accomplished by sliding one of the mirrors relative to the other prior to anodic bonding. This is 
done under active alignment with a laser injected into the cell. The spacer used between the cells 
needs to be polished to better than λ/4 flatness so the mirrors are not deformed after anodic 
bonding. 

 
The entrance hole can be fabricated as an opening in the HR (High Reflectivity) coating on the 
mirror surface, or as a physical hole in the mirror. We have tested two ways of patterning HR 
coating, using either a photolithographic method or a small droplet of UV (Ultra-Violet) curing 
glue that can be dissolved after the application of the HR coating. However, we found that the 
best approach is to have a physical hole in the mirror. This prevents reflection losses at the 
interface (which in principle can also be reduced by applying first an AR (Anti-Reflection) 

 

 

  

 
Fig. 2: Fabrication of multi-pass cells with spherical mirrors, two stems (a) allow application of OTS spin anti- 
relaxation coating after assembly. The input and output beams are focused through the entrance hole (b). An error in 
the distance between mirrors (c) causes the output beam to be slightly out of focus. The entrance hole in HR coating 
with 100 µm diameter is fabricated using d) photolithography or e) removal of a UV curing glue drop applied before 
HR coating. A physical hole with a 200µm diameter (f) drilled through the mirror substrate. 

f) e) d) a) b) 
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coating but would require a multi-step process). The steps of the cell fabrication and alignment 
process are shown in Fig. 2. 

 
4.   Improved multi-pass cell design. 

 
To evaluate the performance of the new cell design we studied the spectrum of quantum spin 
noise from unpolarized atoms in the multi-pass cells. The ability to observe optical rotation from 
quantum spin noise above photon shot noise and any technical noise background demonstrates 
that the sensor sensitivity is limited primarily by atomic shot noise. Furthermore, the spectrum of 
quantum spin noise provides information on the time correlation between the spins and one’s 
ability to benefit from spin-squeezing techniques. In these investigations we have encountered 
two problems that we have been able to successfully solve. 

 
The first problem is due to tight focus of the light 
beam near the entrance and exit hole. This causes 
the atoms in the front of the cell to interact with the 
probe beam most strongly and results in two 
undesirable effects. The first issue is that the atoms 
can quickly diffuse out of the tight focused region, 
causing a drop in the spin-correlation function as a 
function of time, as shown in Fig. 4. The second 
issue is that the effective number of atoms 
participating in the measurement, as determined by 
the level of quantum spin noise, is reduced. This 
is due to the fact that the few atoms near the beam 
focus contribute disproportionality to the level of 
quantum noise. 

 
To solve this problem we have developed a 
slightly modified cell geometry that uses an 
intermediate window between the mirrors to 
isolate the region of tight light focus from the Rb 
vapor. An example of such cell is shown in Fig. 
5. The window has a high quality AR coating on 
both sides, so it does not significantly affect 
multi-pass transmission through the cell. The 
distance between the mirrors is slightly adjusted 
to compensate for the optical thickness of the 
window. It is attached using anodic bonding, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Predicted total intensity distribution of the light 
in the multi-pass cell. The region near the entrance 
hole (located at x,y,z=0) has high intensity because on 
the first and the last pass the beams are tightly focused. 

 

 
Fig. 4: Diffusion correlation function as a function of 
time. Orange - whole cell active volume, Blue - back 
half of cell active volume, Red - back half active 
volume including relaxation on cell walls. 
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Fig. 6. Interference effects in the transmission through 
the cells. In cell 5 we use a physical hole in the mirror 
and tilted barrier, eliminating the interference fringes. 

however it does not have to be vacuum tight, as long as the diffusion time of the Rb vapor into 
the region of the focus is very slow. 
In these cells we have achieved much better results for the 
spin-correlation function and have seen a reduction of the 
atomic shot noise level by a factor of 2 despite a smaller 
volume filled with Rb atoms because of more uniform 
sampling of the atomic noise by the probe beam. 
The second problem we encountered is the noise in probe 
beam optical rotation measurements in excess of photon shot 
noise. We determined the noise is due to the presence of 
interference fringes in the transmission through the cell, as 
shown in Fig. 6. Frequency noise of the laser is converted to 
the intensity and polarization noise because of the presence of 
the interference fringes. Even though the design of the cell is 
supposed to eliminate standing waves, which is 
the main advantage of the multi-pass cell over a 
Fabry-Perot cavity, the reflections on the 
uncoated surface of the entrance hole and 
residual reflections on the AR-coated barrier 
lead to build-up of the standing waves. To solve 
this problem we made two changes, we tilted 
the barrier used to isolate the focus region and 
we replaced the hole in the entrance mirror HR 
coating with a physical hole in the mirror, as 
shown in Fig. 2f). This largely eliminated the 
interference fringes, allowing us to obtain noise 
spectra which are close to the photon shot noise 
level away from the atomic spin resonance. 

 
5.   Measurements of the quantum spin noise 

spectra. 

Fig. 5. Multi-pass cell with a barrier to 
exclude Rb atoms from the entrance 
hole in one of the mirrors, where the 
probe laser is sharply focused. 

 
To characterize the spin noise fluctuations we have made 
two types of measurements. In one, we simply record the 
voltage spectrum at the output of the optical polarimeter 
after the probe laser passes through the cell. Under ideal 
conditions we expect the spectrum to be Lorentzian, with a 
width gives by the transverse spin relaxation time (T2) of 
the Rb atoms. Deviations from Lorentzian lineshape 
indicate the presence of diffusion effects. In Fig. 8 we 
show the comparison of the spin-noise peaks for a cell 

 

 
 

Fig. 7: Final cell design with tilted barrier. 
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without barrier and a cell with barrier. One can see that for the cell with barrier the lineshape is 
much closer to a Lorentzian, indicating the success in eliminating broadening effects due to 
diffusion in the new cell design. 

 
Another type of spin noise measurement that we performed is a direct measure of the spin- 
correlation function. In this approach the spin precession signal is measured for 20-50 µsec, there 
is a delay of several hundreds of µsec and the 
spin precession signal is 
measured again. In 
practice, the probe beam 
is always on, we simply 
analyze different 
sections of the 
continuously recorded 
data. The data are 
analyzed in the rotating 
frame, taking into 
account the precession 
of the spins at the 
known Larmor 
frequency. To analyze 
the spin-correlation 
function just due to 
diffusion we remove the 
exponential decay due 
to spin relaxation 
caused by spin- 
exchange collisions. 

 
The diffusion spin correlation function decays to about 
0.7-0.8 after 1 msec, indicating that about 75% of the 
atoms remain in the active region after 1 msec without 
diffusing out of the beam. This is consistent with 
predictions shown in Fig. 4. This level of spin 
correlation will allow us to reduce the quantum spin 
noise voltage or magnetic field noise by a factor of 2 
and obtain 6 dB of spin sqeezing. It is also useful to 
compare to the results we obtained in the orginal multi- 
pass cell [1], which are reproduced in Fig. 9. In that 
case, the correlation function decayed to 20% at 1 msec. Note that even though the transverse 

 
 
 
 
 
 
 
 
Fig. 9: Measurements of the diffusion 
correlation function in the previous generation 
of multi-pass cell [1], shown here for 
comparison. 

a) b) 

c) d) 

Fig. 8: Spin quantum noise fluctuations in the two types of multi-pass cells studied in 
this project. Spectrum of optical rotation signal (a,b) with a fit to a Lorentzian (red line). 
Time correlation of the spin expectation values (c,d) after subtraction of coherent T2 

relaxation. The cell with a barrier (b,d) has a very nearly Lorentzian lineshape and slow 
decay of the spin correlation function, in agreement with predictions. 
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Fig. 10: Comparison of measured and calculated total 
φrms     noise   in   3   cells   for   various   experimental 
conditions. 

size of the overall beam pattern was about 10×12 mm in the old multi-pass cell, there were many 
regions where the probe beam came to a focus inside the cell, as shown in the inset of Fig. 9. In 
our new design, the transverse size of the beam pattern is about 2 mm (see Fig. 3) and the Rb 
vapor is excluded from the only location of the beam focus at the entrance of the cell. 

Another aspect of the spin noise properties that we studied is the integral under the curve in Fig. 
8 a,b) which is related to the total Faraday rotation angle noise φrms. It can also be calculated 
from first principles without any adjustable parameters. φrms determines the effective number of 
atoms participating in the measurement, in 
general <prms~1/√N. 

We have obtained good agreement between 
theory and experiment (generally within ±20%) 
for the total Faraday rotation angle noise. For 
this comparison we made measurements at 
different cell temperatures (120-150°C), buffer 
gas pressures (70 and 223 Torr), incident probe 
laser intensities (0.5-10mW), and probe laser 
detunings (40-160 GHz). The results of the 
comparison are shown in Fig. 10. It indicates 
that our model for calculating the effective 
number of atoms participating in the 
measurement works well. Based on this model, 
the overall level of magnetometer noise can be 
accurately calculated. 

6.  Optical pumping and spin precession measurements in Earth’s magnetic field. 

Using the multi-pass cells developed under this project at Princeton and pulsed pump lasers 
developed at Twinleaf, we tested optical pumping of Rb atoms in the multi-pass cell. Fig. 11 
shows the spin rotation signal with a large optical rotation obtained using Twinleaf’s pulsed 
pump laser with a 1 µsec pumping time. Initial analysis 
indicates that the power is sufficient to obtain more than 
90% Rb spin polarization. The pump laser in injected into 
the multi-pass cell through the same hole as the probe 
beam. The pump light can reflect in the cell many times, 
ensuring uniform Rb spin polarization. 

We then setup an atomic gradiometer using two identical 
multi-pass cells outside of the magnetic shields. The 
gradiometer is mounted on a non-magnetic stainless steel 
optical table, as shown in Fig. 12 and is operated in a 
continuously pulsed regime, with the pump pulse repetition 
frequency set to 720 Hz. We choose a frequency which is a 
multiple of 60Hz to more easily distinguish noise sources 
associated with power line interference. 

Fig. 11: Large optical rotation signal 
obtained following a 1 µsec optical 
pumping pulse from Twinleaf’s laser. 
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We determine the magnetic field in each cell by fitting the signal to a decaying sine wave. For 
these data the optical rotation signal was reduced on purpose in order to avoid the multiple phase 
wrap-around shown in Fig. 11 to simply the initial analysis. 

 

 
Fig. 12. Left panel: An oven containing two multi-pass cells is setup outside magnetic shields on a non-magnetic 
optical table. The pump and probe beams enter through tubes visible on either side of the oven. Center panel: Optical 
rotation signals from the two cells, shifted vertically by ±1V for clarity. Right panel: Measurements of the spin 
precession frequency in each cell as a function of time. For this data the update rate is equal to 4.3 kHz by splitting 
each spin precession signal into 6 segments. 

 

The frequency measurements from the two cells shown in Fig. 12 reveal two important features 
of the ambient laboratory noise environment. There is a large 60 Hz component, on the order of 
150 nT. There is also a difference in the absolute value of the field in the two cells of about 100 
nT. The distance between the two cells is equal to 2 cm, so it corresponds to a gradient of 
50nT/cm. 

These results have been independently confirmed using Fluxgate measurements. The full 
magnetic field gradient tensor was measured at several locations in Jadwin Hall at Princeton 
University and the gradient of the total magnetic field was found to be between 20 and 100 
nT/cm. The magnetic field oscillations at 60 Hz were found to be on the order of 50 to 200 nT. 

Suppression of these ambient magnetic field 
signals requires large CMRR (Common Mode 
Rejection Ratio). We have investigated two 
approaches to measurement of the magnetic field 
gradient. Fig. 13 shows simple subtraction of the 
magnetic field measurements from individual 
cells, taking differences between the data shown  
in Fig. 12. The data reveal two features - 
oscillations at 60 Hz (2.4 periods on the time scale 
of Fig. 13) and periodic frequency spikes 
synchronized to the pulses of the pump laser. We 
believe the frequency spikes are due to imbalance 
of the heading errors in the two cells, since their 
initial polarizations were not matched. The 
residual 60 Hz noise could be due to a true 

Fig. 13: Difference in the spin precession 
frequencies measured from the two individual 
cells. 

gradient of the 60Hz field component or due to an imperfect cancellation by the gradiometer. 
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We also investigated an intrinsic measurement of the magnetic field gradient by directly 
measuring the phase difference between the two spin precession signals. The atoms sense 
magnetic field through the interaction Hamiltonian H=-µ·B which causes the atomic 
wavefunction to evolve as ψ= ψ0 exp(-iHt/ ħ)= ψ0exp(-iµ·Bt/ħ). Therefore, magnetic field 
directly causes the evolution of the atomic phase φ=µ·B t/ħ. A measure of the phase difference 
between the two atomic ensembles: ∆φ=φ1-φ2=(µ·B1- µ·B2) t/ħ is a direct measurement of the 
magnetic field gradient. The phase difference does not depend on the values of the individual 
magnetic fields or on signal amplitudes, therefore it provides a robust rejection of the common- 
mode magnetic noise. 

A phase measurement can be easily accomplished using the phase-frequency detector (PFD) part 
of a common phase-locked-loop chip, such as 4046. An advantage of this approach is that PFD 
measures the time between zero crossings of the input signals. Hence it is not sensitive to 
changes or imbalances in the amplitudes of the signals. Also, a small phase difference can be 
measured relatively easily, while a corresponding small frequency difference between two  
signals is much harder to measure in a short interval of time. The output of the PFD gives a 
voltage proportional to the phase difference V= K∆φ, where K is an electronic calibration 
constant. Hence we expect the signal to grow linearly in time with the slope proportional to the 
field difference: 

 

V=K µ (B1-B2) t. 

We have demonstrated this approach, as shown in Fig. 
14. The outputs of the two photodetector amplifiers are 
connected directly to the inputs of the PFD. No prior 
knowledge of the individual Larmor frequencies is 
necessary or is obtained in the process of the 
measurement. In the presence of the ambient gradient  
we see a large slope for φ vs. t measurement. One can 
verify that indeed the two signals become out of phase  
by the end of the 1 msec precession interval. We can 
compensate the ambient gradient near the cells and  
obtain a flatter voltage output, corresponding to a smaller 
field gradient. 

In Fig. 15 we show the output of the PFD on a longer time 
scale in comparison with measurements of the phase 
difference based on fits of individual cell signals. One can 
see that PFD provides a more stable signal with a smaller 
component of 60 Hz interference. These preliminary data 
indicate that the CMRR is improved using phase- 
frequency detector. More systematic measurements are 
necessary to distinguish true noise in the magnetic field 
gradient from the limitations of common mode rejection. 

 
 

 
Fig. 14: Output of the phase-frequency 
detector for the ambient magnetic field 
gradient and partially compensated gradient. 

 
 

Fig. 15: Output of the PFD and phase 
differences of individual signal fits. 
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Next we plan to install the two-cell magnetometer back inside the magnetic shields. This will 
allow us to evaluate intrinsic magnetic field noise and measure the CMRR under controlled 
conditions. 

 
7.  Testing of optical pumping in magnetic shields. 

 
Near the end of the project we started to evaluate the 
performance of the multi-pass cells inside magnetic shields. 
Fig. 16 shows an example of signals obtained from two 
cells. One can see the effect of large optical rotation in the 
saturation of the rotation signal envelope. The maximum 
initial rotation in this case is about 11 radians for one of the 
cells. In the other cell, the rotation signal is washed out due 
to non-uniform polarization, so that different parts of the 
probe beam experience different rotations. The optical 
pumping light is injected through the same 200 µm hole as 
the probe laser, however it has not yet been properly 
collimated to match the shape of the probe beam and 
illuminate the cell uniformtly. 

 

Fig. 17 shows the optical rotation signal as a function of the 
magnetic field. Overall the shape remains the same, but the 
bandwidth of the signals increases, resulting in the 
attenuation of the initial signals due to the limited 
bandwidth of the photodetector amplifiers of about 3 MHz. 
Multiple rotation signals have a higher bandwidth content, 
therefore we will need to improve somewhat the bandwidth 
of the detectors. 

 
In Fig. 18 we show a preliminary spectrum of magnetic field 
measurements. These data were obtained at Twinleaf at 
41 µT using a multi-pass cell with flat mirrors. Similar 
sensitivity was obtained at Princeton, in both case many 
technical sources of noise have not yet been addressed. 

 

 
Figure 18: Preliminary magnetic field noise spectrum obtained at 
Twinleaf using a multi-pass cell with flat mirrors at 41 µT. 

 
 
 
 
 

Figure 16: Top Panel: Envelope of the 
large rotation signals in two cells as a 
function of time. Bottom panel: Zoom on 
the initial signal showing the pumping 
pulses and individual spin oscillations. 
The cell plotted in red has non-uniform 
initial polarization, resulting in wash-out 
of the rotation signal. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 17: Multiple rotation signal as a 
function of the magnetic field. 
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As part of the project, Twinleaf has evaluated pump and probe lasers in the context of a pressure- 
broadened atomic vapor cell that is relevant for high performance magnetometry. We have also 
selected a sensor geometry that balances performance and manufacturability. A simple 
arrangement using the selected geometry was experimentally tested near the end of the program, 
with an noise initial spectrum shown in Fig. 18. 

 
8.  Probe laser characterization 

 
The VCSEL laser characterization is 
broken into separate noise analysis 
for amplitude, polarization, and 
frequency. We restrict our analysis to 
wideband noise at 10 kHz and above 
because that covers typical Larmor 
precession frequencies for alkali 
metals in the geomagnetic field. 

 

Although absolute light levels varied 
over a wide range due to varying 
laser type and current, we find that 
virtually all sources are consistent 
with shot-noise-limited amplitude 

 
 
 
 

Fig. 19: Amplitude noise measured for VCSEL from several vendors. 

noise performance, as shown in Fig. 19. We verified our system with a known-good DBR laser 
(shown at 10 mW) of light. We have previously found various points in the operating current 
range of 1–3 mA where the lasers can be bistable or multimode, but these points are not readily 
reproducible and we focus on the 
regions of stability. 

 

Polarization noise was evaluated by 
placing a polarizer between the emitter 
and the photodetector, see Fig. 20. If 
the photons were both amplitude and 
polarization stable, we expect the 
resulting light to be shot-noise-limited 
both with and without the polarizer in 
place. Newer Vixar VCSELs with 
internal gratings on output couples 
achieve shot-noise-limited polarization 
stability at 1 mA and 3 mA. It is 
interesting to note that in the case of 
the Vixar 795 nm VCSEL mode 
competion at 2 mA generates excess 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 20: Polarization noise measured for VCSEL from several 
vendors. 

polarization noise while the amplitude noise remains shot-noise-limited. VCSELs without 
internal gratings, including all devices from Princeton Optronics and older-generation Vixar 
parts, exhibit significantly increased polarization noise. For these, we generally find polarization 
noise 2–3 times higher than shot noise. The Princeton Optronics 795 nm VCSEL, in particular, 
showed that polarization noise increased linearly with output power. As a result, there is no 
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Fig. 21: Frequency noise measured for VCSEL from several vendors. 

advantage to operating a polarimeter with this laser because higher signal from higher power 
comes with proportionally higher noise. While it is generally possible to clean up the 
polarization using an initial polarizer, it requires careful alignment of the polarizer and stable 
initial polarization of the light from the VCSEL. 

 
We are cautiously optimistic about the operation of the Vixar 795 nm VCSEL at its island of 
stability around 3 mA because it provides 500 uW of output power that is both polarization and 
amplitude stable. These results indicate that a high quality polarimeter can be obtained using only 
the VCSEL and a final polarizer before a photodiode. It is not necessary to use an initial polarizer 
to clean up the polarization or a balanced polarimeter to eliminate amplitude noise with           
two photodiodes. 

 
A measure of frequency noise was 
obtained by tuning the VCSELs to 
the side (half maximum) of an 
atomic absorption line, see Fig. 
21. Although spectroscopy cells 
were available, we chose to use 
cells with similar contents, 
temperature (125 C for rubidium), 
and pressure broadening used in 
the anticipated magnetometer 
design because it was both easier 
to operate the VCSELs open loop 
on a broad line and because it 
reflects the real-world impact on noise floor of a detuned probe beam. 

 
In the frequency noise measurements, we find striking deviation from shot-noise-limited 
performance for virtually all VCSELs tested. We verified that the light passing through the cell 
achieves shot-noise-limited performance when detuned from the line. We were concerned to note 
that the DBR laser noise saw a 20% rise above shot noise when tuned to resonance. It was 
nonetheless significantly less than the noise found with the VCSELs tuned to resonance. 

 
Although more than eight different VCSELs were evaluated, we only seriously consider the two 
modern 795 nm components from Princeton Optronics and Vixar. Of these, the Princeton 
Optronics laser shows some of the best frequency noise performance yet has high polarization 
noise. Unfortunately, the Vixar 795 nm laser that has excellent polarization noise exhibits 
frequency noise comparable to the polarization noise levels found in the Princeton Optronics 
VCSELs. As a result, there is no clear winner. We have not resolved to our satisfaction all the 
potential systematic sources of error such as current noise in the current supply. 

 
The Vixar 895 nm VCSEL is an existence proof that nearly 1 mW of power with shot-noise- 
limited performance is possible. In several repeated tests of these measurements over several 
weeks, we found that the 895 nm VCSEL had become badly multimode and later results showed 
much higher noise. We plan to build new VCSEL setups for both Vixar and Princeont Optronics 
and repeat the tests in case some damage or variation in the samples is strongly affecting these 
measurements. 
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We note with interest the progress in VCSEL performance over the past several years, see Fig. 
22. The older generation of VCSELs shows significantly higher amplitude and polarization 
noise. 

 

 
Fig. 22: Age comparison of amplitude (left panel) and polarization (right panel) noise measured in VCSELs from 
Princeton Optronics and Vixar. 

 
The Princeton Optronics VCSEL was found to have particularly poor initial polarization   
stability, see Fig. 23. The polarization is unstable as the device is heated above room   
temperature. It is clear that as the temperature is increased, the output power degrades 
significantly (by a factor of 2–3) while the polarization varies significantly. At low current, it   
was even seen to flip in a bistable manner. We found that it is possible to tune the VCSEL to 
resonance by operating at much higher current with no added heat. This seems to result in a more 
stable polarization output. 

 

  
 

 

Fig. 23: Variation of polarization angle and output power with heat (left panel) and current (right 
panel) for Princeton Optronics VCSEL. 

In conclusion, performance flaws have been identified in both of the two 795 nm laser candidates 
from Vixar and Princeton Optronics. If only 100 µW of output power is required, the Vixar 
components offer superior polarization stability and frequency noise but with twice the photon 
shot noise for relevant system parameters. If more power is needed, it is possible to obtain up to 
500 µW with frequency noise at a level three times higher than photon shot noise in the Vixar 
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emitter. In some configurations such as side-locked optical rotation probe beams, the increased 
power may be substantially negated by the added frequency noise. It should also be noted that the 
elevated frequency noise is due to multimode emission and as a result the noise properties       
may be variable over time and conditions. Princeton Optronics offers higher, 1 mW output power 
but suffers from both elevated frequency noise and potentially serious polarization instability. If it 
is possible to operate the Princeton Optronics VCSEL at higher current and lower ambient 
temperature (added heat), we found that it may be possible to avoid the polarization stability 
issues. 

 
9.  Pump Lasers 

 
There are three major types of high power multimode laser available for pulsed magnetometry: 
standard multimode lasers with external feedback, multimode lasers with chip-scale grating 
feedback, and short cavity lasers specifically designed for pulsed operation. We have tested a 
representative sample of each type. 

 
Type Wavelength Peak Power Linewidth 

Internal grating 795 nm 1 W 0.2 nm 

External grating 795 nm 9 W 0.06 nm 

External grating short 
cavity 

895 nm 14 W 0.04 nm 

Table 1: Summary of pulsed laser technology investigated 
 
Multiple vendors offer 795 nm multimode lasers. 
These can be successfully narrowed using external 
grating feedback. It is necessary to obtain emitters 
with antireflection coating on the output facet to 
ensure the wavelength is selected by the external 
optical feedback. We initially obtained the 
specified output power of about 2 W from these 
emitters. We hoped to significantly exceed the CW 
rated power when operated using a low duty cycle 
pulse. However, with the first emitters we tested 
with microsecond pulse width, the emitter was 
unable to exceed the specified CW performance and was damaged attempting 3 W output power. 
Subsequent improvements to mounting and emitter geometry using a Twinleaf-proprietary 
approach yielded significantly higher peak power at 795 nm, of nearly 10 W before the laser 
sustained catastrophic damage. The free-running power vs current of this emitter is shown in Fig. 
24. These lasers have been spectrally narrowed and 
used for optical pumping of multi-pass cells at 
Twinleaf and the Princeton lab. 

Fig. 24: Average output power vs average operating 
current for free-running laser near 795 nm, pulsed 
for 1 µs at 1 kHz. 
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We obtained a 795 nm multimode laser that employed a wafer-scale grating, apparently written 
directly on the laser, although more details on construction were not available. The internal 
grating makes the pump laser module more robust to shock and vibration. At CW, this emitter is 
specified to produce 3 W of output power. Although CW operation achieved the specified power 
level, we were surprised to find that the pulsed peak power did not significantly exceed 1 W. 
Despite this result, this emitter is nonetheless useful for applications that do not demand the 
highest possible output power. A notable result is that the internal grating laser performed worse 
than the CW power specification for short pulse current. 

 
Finally, we studied a laser at 895 nm that was specifically designed for pulsed operation. We 
successfully employed external grating feedback and were able to tune the laser to a cesium 
resonance. The peak power achieved in mode was an extraordinary 14 W, but we did not yet 
perform extensive destructive testing to find the performance limits. We anticipate the ideal laser 
would employ the same pulsed laser design principles at the 795 nm target wavelength. 

 
10.  Sensor design 

 
Several promising sensor designs were evaluated for performance and manufacturability. The 
core features required in this sensor are: 1. a microfabricated multipass cell, 2. a VCSEL probe 
beam, 3. a pulsed pump beam. 

 

 
 

Figure 25: Schematic sensor geometry. 
 
The sensor geometry shown above represents the simplest and most compact geometry that uses 
these components. Here, the probe beam is passed through the cell 30-50 times. The pump beam 
enters through the side of the cell. The internal cell volume would be 5×5×10 mm. In densely 
packed imaging arrays, the sensor could be placed immediately adjacent to other sensors. Adding 
a few mm of insulation, single sensors could have outer dimensions of 1x1 cm. The length of the 
sensor depends on how close the small currents flowing through the VCSEL and photodiode can 
approach the sensor—typically 3-4 cm. 

 
Batch fabrication of the vapor cell is crucially important for volume applications. Twinleaf has 
experience batch fabricating bonded alkali vapor cells. We have developed separate processes for 
fabricating mm-scale cells at wafer scale and bonding individual multipass cells with internal 
dielectric mirrors. In this design, we plan to combine these processes to make large wafers of 
cells with internal dielectric mirrors patterned on the sealing glass wafers. The thick base wafer 
may be glass instead of silicon to permit the development of clear side walls to allow the pump 



15 
Approved for public release; distribution is unlimited. 

 

laser in. Thick glass wafers are also much less expensive than comparable size FZ silicon. The 
internal walls may be rendered clear 
using fire polishing or by using certain 
deep KOH etch processes before final 
surface polishing. Alternatively, it may 
be possible to inject the pump laser along 
a similar path to the probe laser, as tested 
for multi-pass cells used by Princeton, 
without requiring side optical access. 
Thin silicon bonding wafers may be used 
to attach the cover glass. 

 

Once fabrication of such cells is 
developed, one potential improvement 
would be to employ a slightly wedged 

 

Fig.26: Schematic of wedged cell. 

alkali vapor cell, as shown in Fig. 26. In a wedged cell, the light would overlap at the front end of 
the cell and further increase the interaction with atoms. It would roughly double the number of 
bounces relative to the parallel mirror design. The light propagation would resemble the 
propagation geometry in the Princeton cells; however, it would not be expanding. Since the light 
never reaches a focus in this design (the beam remaining thin but tall throughout the cell), there 
would not be a problem from spin noise at a tight focus as was previously found in the Princeton 
design. The wedge angle would be small enough to still permit wafer-scale fabrication of the 
cells. 

 
Notes on designs that were not selected: One promising design employed internal mirrors that 
passed D1 light (795 nm) but reflected D2 light (780 nm). As of this writing, we have not found a 
vendor to make this mirror with sufficient D2 reflectivity and acceptable D1 transmission. That 
design would be more attractive if the mirror proves to be achievable and we could qualify 
780 nm VCSEL probe lasers. Other designs considered include the pump beam passed in via the 
probe beam aperture and reflect several times. This may be somewhat challenging because it 
requires precision alignment of both the pump and probe beams, and the optical quality of the 
large-emitter pump lasers would not allow the same level of collimation as the VCSEL probes. 
On the other hand, the longer optical depth in the multi-pass cell would offer some purification 
of the polarization circularity and improve absorption of far-off-resonance light. 



 

11.  Conclusions 

Over the course of this seedling project we have demonstrated a number of components necessary 
for development of a practical high-sensitivity magnetometer. We constructed multi-pass cells that 
utilize the alkali-metal vapor more efficiently than previous designs, we verified the existence of 
the pump and probe lasers which are mostly sufficient for operation of the magnetometer and we 
explored the practical challenges of operating a high-performance sensor in the ambient laboratory 
environment. 
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS 
 

ACRONYM DESCRIPTION 
AR Anti-reflective 
HR High reflectitivity 
SWAP Size,Weight and Power 
UV Ultra-violet 
VBG Volume Bragg Grating 
VCSEL Vertical Cavity Surface Emitting Diode 
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